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Multiscale physicochemical characterization of a short glass fiber-reinforced polyphenylene sulfide composite under aging and its thermo-oxidative mechanism
In this paper, the thermo-oxidation for a short glass fiber-reinforced polyphenylene sulfide (PPS/GF) composite was experimentally and theoretically studied by a wide range of physicochemical and mechanical techniques. The accelerated thermal aging temperatures were fixed at 100°C, 140°C, 160°C, 180°C, and 200°C. Firstly, the results of weight loss under aging indicate the formation of volatile products because of chain scission of end groups. Also, Fourier-transform infrared spectroscopy (FTIR) results suggest that the formation and accumulation of carbonyl group arising from the formation of hydroperoxides in oxidative propagation process. In all cases of different thermal oxidation temperatures, it is hard to observe some significant change about the concentration of carbonyl group during the induction time. This induction time depends inversely on the oxidation temperature. Moreover, the cross-linking and chain scissions exist together according to the results of rheological results and it is easier to see the cross-linking phenomenon at the beginning of oxidation while the chain scissions are more pronounced, with the oxidation process developing further. In aspect of mechanical properties, σ max increases at the beginning of oxidation because of cross-linking, and subsequently, the σ max always decreases because of thermo-oxidation of the PPS matrix. In addition, the detailed thermo-oxidation processes are fully discussed in the end of this study. A mechanistic schema has been proposed to present different oxidation reactions of PPS polymer and then a kinetic model has been extracted from this mechanism. Afterwards, the model has been verified by experimental results at different temperatures. Polyphenylene sulfide (PPS) is a thermoplastic polymer consisting of aromatic rings linked by sulfur atoms. It is widely used as a high performance engineering plastic with a unique combination of excellent mechanical and thermal properties. In detail, it is applied in a wide range, including automobile pieces, precision instruments, and aerospace products. [1] [2] [3] [4] As an engineering composite, PPS composite possesses hightemperature resistance combined with good mechanical properties.
In our previous research, 5 we have comprehensively characterized this PPS composite and also fully discussed their fatigue behaviors. Moreover, since thermal treatment can have an important effect on mechanical properties of PPS materials, there are various researches focusing on this aspect. For example, Ma et al 6 studied the mechanical behaviors of PPS materials after heat treatment and they found excessive heat treatment, longer than 2 days, resulted in over oxidative cross-linking and was detrimental to the thermal mechanical properties of the samples at high temperature. Zhai et al 7 also found the mechanical properties of glass fiber-reinforced PPS (PPS/GF) composites were negatively affected by thermal treatment. Moreover, in some study, 8 the authors verified the effect of thermal treatment on the tensile and in-plane shear behavior of carbon fiber-reinforced PPS composite specimens and the results suggested that there was a significant degradation of mechanical properties, and this degradation can be enhanced by increasing treatment temperature and time.
On the other hand, exploring the thermal degradation details about PPS materials can give us some more useful guidance in practice. Many researchers had focused their attention on aspect of ther- The dog-bone-shaped samples (in Figure 1) were prepared before the test, and afterwards, the samples were suspended in ovens, which can keep them in full contact with air at different temperatures. The weight of the sample was measured in different interval time points to observe the residual weight percent W%, and the calculation equation is as follows:
Where W t, is the weight in the time of t and W 0 is the weight of virgin sample. 
| Tensile tests

| Infrared analysis (FTIR)
FTIR spectrometry was used to characterize the extent of polymer oxidation, using a Nicolet impact 410 spectrophotometer in transmission mode. Measurements were made on spectra resulting from the accumulation of 32 runs, the resolution being 4 cm
. The film with a thickness of 20 μm (preparation by microtome) was used. The absorbance of carbonyl was converted to the concentration using a molar absorptivity of 300 L mol −1 cm −1 at the peak maximum
. 16 Also the concentration of [C═O] or other degradation products can be calculated according to the Beer-Lambert law, which is as follows:
Where A is the absorbance or optical density for the FTIR spec- 
| Rheological characterization
Viscosity measurements were conducted by the Rheometer MCR 502
from Anton Paar. The tests were performed on film samples at different temperatures under nitrogen, as well as in a plate-plate configuration with a gap of 1 mm.
There are three main rheological tests in this study:
1. To see the viscosity evolution as a function of aging condition at 180°C, virgin and aged specimens were used and the experimental temperature was fixed at 290°C (strain = 0.2%, angular fre-
).
2. To see the viscosity evolution as a function a time at a fixed temperature, one virgin specimen was used and the isothermal temperature was fixed at 290°C (strain = 0.2%, angular frequency = 1 rad s −1 ). 3. To compare different rheological properties, virgin and aged samples from 180°C and 200°C were used and the experimental temperature was fixed at 300°C (strain = 0.2%, angular frequency ranging from 0.1 to 100 rad s −1 ).
| Optical microscopy analysis (OM)
The oxidation layer thickness for PPS sample is measured by the OM technique and the plate samples are observed via Zeiss Axio Imager 2.
The detailed operation can be briefly described as follows: virgin or aged samples from ovens were cut from crossing section and the prepared samples with a crossing section surface were observed by OM apparatus. The objective lens was chosen x 5 and the corresponding scale label was put on lower right corner of images. Finally, every three thickness points were measured to obtain the average thickness of oxidation layer.
| Dynamical mechanical analysis (DMTA)
DMTA tests have been performed on PPS/GF samples using DMTA Q800 instrument in order to measure the main transition tempera- 
| Ultraviolet (UV) spectrometry analysis
The UV spectrometry analysis does not only check the absence or presence of stabilizers in the materials, but can also be used to quantitatively calculate the amount of absent or present products. This spectra under study is obtained using PERKINELMER UV-visible spectrophotometer (model Lambda 5), equipped with an integrated sphere. They are recorded in absorbance mode 66 over a spectral range extending from 200 to 400 nm. The analysis of the data is done by applying the same method of IR spectrometry using the BeerLambert law.
3 | RESULTS
| Weight loss characterization
Thermo-gravimetric method is commonly used to follow the oxidation process, but it is important to emphasize that this method can only
give information about the weight loss related to the volatile oxidation products, which means the small molecules are formed due to the scission at the end of molecular chains. Also, it should be noted that this technique cannot give more information when the chain scission is not at the end of chain and when the oxidative products are not volatile. 
| Evolution of chemical groups in PPS/GF composite
) evolution versus oxidation time under different temperatures
The second step corresponds to the period of auto-acceleration of C═O formation. This auto-acceleration depends on oxidation temperature and it is more remarkable when the temperature is higher.
In the third period, the amount of C═O from the formation is almost the same as that of disappearing. As a result, its concentration remains relatively constant. In the case of this study, after 1000 hours of oxidation at 200°C, the C═O concentration tends to be stable.
| Evolution of molecular weight
In order to follow the effect of aging on molecular weight of PPS, the viscosity of virgin and aged samples at molten state has been measured.
In this study, to characterize the thermal aging effects on different properties, five different aging temperatures ranging from 100°C to 200°C were chosen. It is reasonable to choose 180°C than 200°C for rheological study. This main reason is that the induction time of oxidation. According to the FTIR results, the induction time at 180°C is more than 300 hours while the value at 200°C is less than 30 hours.
In other words, the aging temperature of 200°C leads to more rapid and serious degradation than 180°C. However, for the purpose of this research, the main goal is to see how the degradation happens at the beginning of oxidation. As a result, it is more logical to see the aging temperature with relatively longer and remarkable induction time since it is more reasonable to characterize the evolution of starting oxidation process rather than the period of serious oxidation at 200°C. Table 2 gives the evolution of viscosity obtained from samples with different aging conditions. One can note that the viscosity has some increasing trend from 9700 to 9750 Pa s 
| Rheological properties at molten state during oxidation
The viscosity at molten state gives information about molecular weight of polymers via the Mark-Houwink equation ([ƞ] = ƞ 0 x M a ). That means higher viscosity corresponds to bigger macromolecules. 22, 23 Viscosity measurement was carried out on the sample of PPS/GF in the atmosphere of nitrogen with an isothermal condition of 290°C.
The results are shown in Figure 8 . The viscosity increases obviously with the time increasing. This improvement of viscosity is mainly because of the evolution of molecular weight by postpolycondensation.
It should be emphasized that the molecular chain tends to be extended, not shortened with this high temperature.
Other rheological tests were performed on virgin and aged (at 180°C and 200°C) samples of PPS/GF in the atmosphere of nitrogen at 300°C. Table 4 and 5 exhibits the evolution of storage modulus and viscosity of PPS/GF aged at different temperatures and times as a function of shear rate. In general, one can note evidently after oxidation, the rheology behavior of PPS/GF at molten state changes significantly.
i. Firstly, for all samples, storage modulus (G') favors to an increasing trend while viscosity (ƞ) has a decreasing trend with the shear rate increasing.
ii. Moreover, ƞ and G' firstly increase and subsequently decrease for aged samples. This process can be accelerated by aging temperature. In detail, for the samples aged at 180°C during 100 hours and 390 hours, ƞ and G' increase, when compared with the virgin sample. This increase of viscosity and storage modulus can be attributed to the cross-linking phenomenon.
iii. Also it is interesting to notice when the oxidation time increases Virgin  898  1430  1680  2280  3050  3540  4940  7290  9040  14400  180°C-100 h  3090  4000  4390  5100  6030  6630  8320  11000  13000  18800  180°C-390 h  3000  6480  7450  7920  9820  11100  14600  19700  23400  34800  180°C-503 h  2710  4930  5650  7010  8640  9740  12700  17300  20500  29300  200°C-100 h  4460  6400  7170  8640  10400  11600  14800  20100  23900  36200  200°C-339 h  132  105  107  119  137  148  163  155 159 - vii. Also, it is worth noting that during the oxidation process of PPS/GF, the cross-linking and chain scissions exist together. At T g tends to increase because of cross-linking of the PPS. 24 While with the temperature increasing, the T g also has an improvement. This mainly means that for PPS/GF composites, the T g value is sensitive
to the aging time and temperature, 24, 25 and thermal aging leads to the embrittlement phenomenon of PPS/GF composite.
| Evolution of maximum stress and Young's modulus
The mechanical properties as a function of aging time under different temperatures are recorded in Figure 10 . Firstly, for all temperatures, Concerning Young's Modulus, as it can be seen, the virgin sample has a value of 4300 MPa. After aging, all of Yong's modulus values increase and this trend becomes more obvious with the aging temperature enhancing. Some researchers also reported that the thermal aging could enhance the Young's modulus. 26 This is in some extent because of the cross-linking reactions, which restrict the molecular mobility, 27 and this phenomenon is favored to higher Young's modulus.
| Thermo-oxidation mechanism
| UV measurement
In the absence of the supplier's information regarding antioxidant in the PPS/GF under study, UV spectrometry analysis is shown in Figure 11 to detect the existing possibility of antioxidants in PPS material. One can see in the range of given spectrum, there is no obvious peak (283 nm) corresponding to the antioxidants (eg, benzophenolic group, Ar-OH). 28, 29 This may indicate it is not easy to detect the antioxidants. In other words, this may imply that it is not necessary to take the effect of antioxidants into account under this research.
| Thermo-oxidation mechanism and corresponding kinetic equations
The standard thermo-oxidation mechanism of polymers under air or oxygen condition, which considers simultaneous process, is reported in several research works [30] [31] [32] :
On the basis of this standard mechanism, several researchers explained the degradation mechanism of PPS polymer or PPS composites. 9, 20, [33] [34] [35] [36] In order to propose an acceptable oxidation mechanism of PPS/GF, the first question is about the energy of different bonds. 
d POO°h With the tool of MATLAB software, the simulative verification process can be drawn that it is practical to give a group of random values for k 1u to k 6 from related literatures and the differential equations are also input into the MATLAB program. Subsequently, these values can be adjusted progressively to obtain a good modeling result.
That is to say, this simulative verification process can be converted by solving differential equations and compared with the experimental results (the MATLAB program created by ourselves can realize this process automatically). The modeling results are shown in Figure 12 and in Table 6 .
One can see the experimental results are highly superposed with the modeling. This definitely implies that our proposed oxidative degradation mechanism is correct. According to the analysis, one can conclude that with this modeling, we can precise the oxidative degradation process in a quantitative way and predict the lifetime of PPS/GF composites under the service of thermal condition in practice.
FIGURE 11
Ultraviolet (UV) spectrum of glass fiber-reinforced polyphenylene sulfide (PPS/GF) composites
With the help of the Arrhenius equation:
We can also calculate the corresponding activation energy values according to the rate constants (see Figure 13 and Table 7 ).
One can have the following comments:
• For k 1u , it corresponds to activation energy of 33. the controlling-speeding step for the oxidation, and it decides the fastness or slowness of the oxidation process.
• For k 1b , one can note that the corresponding activation energy is 4 kJ mol −1 , which is obviously lower than the value of k 1u . This implies that bimolecular hydroperoxide build-up is less sensitive to the aging temperature when compared with unimolecular hydroperoxide build-up. In addition, one can see that with the aging temperature increasing, k 1u and k 1b are more and more approaching the same values.
• For k 2 , the activation energy is 8.4 kJ mol −1 and the constant of k 2 can be affected by aging temperature. It is interesting to note that "k 2 >> k 1 ." This is the step of propagation, which indicates the propagation process is highly quick and will finish once the initiation process starts.
• For k 3 , the activation energy is 11.1 kJ mol −1 and it is interesting to note that "k 2 >> k 3 >> k 1 ." This is also the step of propagation.
In addition, it should be noted that radical POO°is less stable than radical P°. If there is enough oxygen, POO°will react very faster than P°.
• For k 4 , k 5 , and k 6 , the activation energies are very small (near 0 kJ mol −1 ). This mainly indicates that the termination process is insensitive to the aging temperature.
• Moreover, the constants have the following order: 
| Influence of thermo-oxidative temperatures
It is worthy noticing that the slope of the propagation step (see Figure 14 and Figure 15 ). These two methods give us a good guidance to calculate the thermal oxidation activation energy of PPS/GF composites.
According to the results, one can clearly conclude that the thermo-oxidation of PPS is highly sensitive to the applied temperature. Once the oxidation temperature increases, the induction time will shorten and the lifetime has an inverse trend.
As one can see, Figure 16 shows the comparison of the OM photos before and after degradation. The samples come from the dog-bone-shaped specimen with a crossing section surface before and after degradation. One can see the crossing section surface of virgin sample has a continuous and consistent gray color without any obvious difference while for the sample aged 5256 hours at 200°C, one can see the edge of crossing section surface has an obvious dark color and the degree of darkness tends to be light from exterior to interior. This change of color can mainly prove that the serious degradation happens in PPS/GF composite. In addition, because of the limitation of oxygen diffusion, the degradation trend of interior parts is less serious than that of exterior parts. In this paper, the mechanism and modeling of thermo-oxidation for PPS/GF composites were studied. The main results are as follows:
According to the rheological results, during the oxidation process of PPS materials, the cross-linking and chain scissions exist together.
At the beginning of oxidation, it is easier to see the cross-linking phenomenon, while the chain scissions are more pronounced with the oxidation developing further. In addition, to PPS/GF composites, the T g value is sensitive to the aging time and temperature. Also, the mechanical strength first increases and subsequently decreases with the aging time and aging temperature increasing because of the predominance of embrittlement arising from thermal aging. In the end, and modeling of the differential equations from our proposed thermo-oxidative degradation mechanism. In general, higher temperature and longer oxidation time lead this PPS/GF material into more obvious degradation.
